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properties  of  elec  isokinetic  transitjcsrs 


1 * INTRODUCTION 

This  report  is  a sequel  to  Technical  Report  Ho#  2 which,  con- 
tained summarized  information  relating  to  properties  of  car  tain 
types  of  eleeirok±n*tic  eella  and  emphasized  factors  which  might 
Influence  their  selection  or  design  for  various  applications , 

Xh  this  report  theoretical  derivations  will  be  given  and 
test  methods  and  results  will  be  presented.  An  attempt  will  be 
made  to  define  and  isolate  the  various  parameters  which  affect 
the  conversion  of  energy  in  electrokinetie  cells  and  to  illus- 
trate how  their  magnitude  is  affected  by  temperature  and  other 
factors* 

Insofar  as  is  known  the  data  presented  in  this  report  are 
the  first  in  which  streaming  potential  measurements  at  alternat- 
ing pressures  are  used  to  study  variations  of  the  electrokinetie 
parameters  with  temperature  under  fully  stabilized  conditions, 
all  prior  work  of  this  type  having  been  done  under  conditions  of 
steady  flow.  The  advantages  of  this  method  of  investigation  are 
discussed. 

An  objective  of  the  tasks  performed  was  to  study  various 
combinations  of  materials  and  techniques  which  would  lead  to 
greater  energy  conversion  efficiency.  Inasmuch  as  the  factors 
which  govern  the  magnitude  of  the  electric  moment  at  a solid- 
liquid  interface  are  not  well  known  or  understood,  an  experi- 
mental approach  was  necessary#  As  an  almost-  unlimited  number 
of  liquid-solid  combinations  are  possible  it  was  necessary  to 
limit  the  number  of  combinations  attempted  by  a rule-of-thumb 
method  for  tbs  liquids  and  to  choose  porous  solids  from  those 
available  from  the  commercial  sources#  Various  coatings  and 
addition  agents  were  selected  on  a more  or  less  intuitive 
basis  and  a few  of  these  showed  definite  prcaaiaa# 

Another  objective  was  to  obtain  sufficient  information  on 
the  beat  available  tented  material  ccia'oinations  to  enable  pre- 
dictions tc  be  made  in  advance  as  to  the  probable  performance  of 
an  underwater  microphone  or  hydrophone  with  regard  to  sensitivity, 
stability.  Impedance  and  frequency  response  insofar  as  it  is  af- 
fected by  the  electrokinetie  cell#  To  a large  extent  it  is  be- 
lis7sd  that  this  nhass  of  the  he*  It  teflon# 

pllshed. 

Should  the  Importance  of  certain  applications  of  electro- 
kinetic  transducers  at  some  future  date  dictate,  it  would  appear 
that  additional  detailed  analytical,  and  experimental  studies 
should  be  carried  cut  with  regard  to  maximizing  the  electric  mo- 
ment and  increasing  the  porosity-permeability  ratio  of  the  por- 
ous material*#  Such  etudies  might  beet  be  carried  out  by  organ- 
isations with  the  required  specialized  facilities  end  personnel. 
Suggested  future  etudies  are  discussed  in  this  report# 
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The  Investigation*  of  eleetrokinetle  phenomena  on  whloh  this 
report  is  based  were  sponsored  by  the  Aeoustlos  Division  of  the 
Off  lee  of  Yaval  Research  under  Contract  Yonr-6l7(00),  Project  TTR 

385  U07. 

Future  reports  will  relate  largely  to  the  developaent  of  ex- 
perimental elec trokine tic  hydrophones. 


2.  HISTORICAL  BACKGROUND 

An  excellent  historical  review  of  the  important  disc  ovaries 
relating  to  electrokinetic  phenomena  is  given  in  Abramson1  £ 
troklnetle  Phenomena.  (1). 

The  phenomena  of  eleetro-osasosis  and  electrophoresis 
discovered  by  Reuse  (2)  in  1803,  his  discoveries  having  si&ee  led 
to  many  important  applications  is  biochemical  research  end  In  in- 
dustry. 

The  streaming  potential  phenomenon  was  discovered  by  Qelnoke 

(3)  in  1859.  Ha  first  observed  that  s.  "streaming  potential" 
would  develop  across  a porous  diaphragm  through  which  a liquid 
was  forced  under  a pressure  differential.  He  further  observed 
that  the  voltage  was  Independent  of  the  dimensions  of  the  dig 
phragm  or  the  amount  of  liquid  but  was  proportional  to  the  applied 
pressure*  His  later  experiments  included  measurements  with  a 
large  variety  of  materials  of  streaming  potential  and  electro* 
osmotic  pressure* 

In  later  publications  theories  were  developed  by  Eelmholts 

(4) *  Saoluchowski  (5),  Oouy  (6),  Briggs  (7)  and  many  others  to 
explain  the  origin  of  streaming  potential. 

Comncrclai  applications  of  the  streaming  potential  phenomena 
have  been  very  limited.  Schlumberger  (8)  recognized  that  the 
pressure  of  drilling  fluid  in  open  oil  wells  in  driving  it  Id  to 
porous  formations  traversed  by  the  bore  hole  would  produce  a 
self -potential  useful  as  a means  of  locating  porous  and  possibly 
oil  or  gas  bearing  formations,  Doll  (9)  developed  a logging  tool 
with  a means  provided  to  produce  alternating  pressures  and  thus 
alternating  elec troklnetle  potentials  in  the  vicinity  of  porous 
formations. 

Insofar  as  is  known*  Williams  (10)*  (11)*  was  the  first  to 
recognize  that-  the  * trussing  potential  phenomena  might  be  applied 
to  a self-contained  ^eesure  measuring  instrument  or  transdueer. 
His  experimental  transducers  for  measuring  ^hammer"  In  high  pres- 
sure oil  lines  are  described  in  the  references. 

The  alternating  streaming  potential  phenomena  and  its  pose 
Bible  applications  have  also  been  recognized  by  Japanese  investi- 
gators at  Eyoto  University  and  are  discussed  in  Reference  (12). 
Post  of  their  experiments*  however*  were  with  electro-capiilary 
instruments  employing  mercury  acid  interfaces. 

The  results  of  work  carried  out  by  this  Corporation  have 
been  reviewed  in  Technical  Report  No.  2 or  will  appear  in  this 
report.  Experimentation  in  this  field  was  carried  out  as  early 
as  1950.  Military  and  commercial  applications  have  included 
pressure  gages*  blast  gages*  physiological  instruments*  acceler- 
ometers* and  will  in  the  near  future  include  both  experimental 
Naval  and  geophysical  hydrophones. 
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A modified  classical  fora  of  the  streaming  potential  equa- 
tion developed  by  Heimboltz  (4),  but  containing  the  dielectric 
constant#  (assumed  by  Helmholtz  to  be  unity.)  is  given  below* 


H P 

where: 

H is  the  streaming  potential 

J is  the  seta  potential  across  the  double-layer 

£,  is  the  dilectric  constant 

x^is  the  fluid  viscosity 

£ is  the  fluid  conductivity 

and  F is  the  applied  pressure 

This  equation  which  applies  to  porous  plugs  or  single  capil- 
laries indicates  a linear  relation  between  voltage  and  pressure 
independent  of  area*  length,  or  pore  size.  Experimental  evidence 
has  been  obtained  to  verify  the  independence  of  voltage-pressure 
sensitivity  on  pore  aise  in  certain  ranges  (13).  For  very  small 
pore  radii  the  sensitivity  Is  affected  and  equations  predicting 
this  effect  have  been  developed,  (14)*  (15)*  This  reduction  of 
sensitivity  has  been  found  fee  be  important  in  transducers  designed 
for  low  frequency  operation,  i.e.  below  10  c.p.s.  and  using  micro- 
porous  plugs. 

Conflicting  data  nay  be  found  with  regard  to  linearity  in 
various  published  papers  but  it  is  believed  that  most  departures 
Ansa  linearity  observed  in  the  past  have  been  the  result  of  the 
techniques  employed  rather  than  anything  inherent  in  the  phenuaen* 
particularly  in  apparatus  employing  rigid  porous  plugs  of  glass 
or  eeremice.  Testa  conducted  in  ranges  from  a few  microbars  tc 
up  to  95  P*i  by  this  organisation  have  shown  no  measure&ble  de- 
partures from  linearity.  The  latter  measurements  were  made  with 
sealed  and  stabilised  transducers  and  were  net  aublnot  to  notice- 
able errors  due  to  polarization  or  unatabilized  adsorbtion  of 
foreign  matter. 

It  is  anticipated  that  the  streaming  potential  phenomena 
will  receive  renewed  interest  among  physical  chemists  and  others 
as  mere  applications  develop. 


4 


3.  GENERAL  THEORY  OP  OPERATION  OP  KLECTROKTJf ETIC  TRANSDUCERS 
3.1  Single  Capillary  Transducer 


The  general  theory  of  energy  conversion  In  s porous  plug  esn 
best  be  understood  by  first  considering  the  esse  of  e single  capil- 
lary since  s porous  plug  le  in  effeot  9 bundle  of  osplllsrles  of 
irregular  slse  and  shape. 

Plrst  consider  a round  liquid  filled  capillary  such  as  is 
shown  in  a broken  sway  section  in  Plgure  3*1*  It  is  assumed  that 
a layer  of  liquid  a distance  "d"  from  the  capillary  wall  Is  oharged 
with  a charge  ”e”  per  unit  area  and  that  the  capillary  wall  ie 
equally  and  oppositely  charged.  The  product  of  the  distance  and 
the  charge  "do"  Is  defined  ss  the  electric  moment  ">3"  of  the  elec- 
trokinetlc  double  layer  assumed  to  exist  at  the  Interface. 

It  is  now  assumed  that  a voltage  gradient  B exists  in  the 
oapillary  along  its  axis  and  that,  as  a result,  a force  P is  pro- 
duced on  the  unit  area  which  is  equal  to  the  product  of  the  oharge 
e and  the  gradient  E or: 

F = E C (1) 


If  the  unit  area  or  shell  of  liquid  Is  moving,  a viscous 
force  will  act  due  to  the  shearing  of  the  double  layer,  this  force 
being  equal  to: 


F 


/ 


(2) 


where  vd  Is  the  velocity  of  the  unit  element  of  the  inner  layer. 


If  no  longitudinal  pressure  gradient  exists,  it  la  evident 
that  the  forces  will  balance  and  that: 


rr  _ ^ 

Ee 

Proa  the  definition  of /&  : 

r y3 

nr<L  - -*7T 


(3) 


<U) 


The  above  relation  relates  the  Inner  shell  velocity  to  the  applied 
voltage  gradient  when  no  differential  pressure  exists  across  the 
capillary.  It  is  evident  that  the  bulk  velocity  in  this  lnstanoe 
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FIGURE  3-  I 


(5) 


would  be  a Imply: 

' v = Trr'1-^  r 

where  r la  tha  radius  of  tha  capillary. 

To  obtain  tha  layer  ourrant  we  simply  relate  the  eharge  per 
unit  length  to  the  velocity  of  transportation  of  the  charge: 

=•  iTrroJ^e.  «>) 

When  a differential  pressure  *P"  ia  applied  to  the  capillary 
giving  rise  to  a longitudinal  pressure  gradient  *p"  an  additional 
foroe  acta  on  the  unit  element  of  area.  It  is  simply  the  pressure 
gradient  multiplied  by  the  cross  sectional  area  and  divided  by  the 
oiroumferenoe* 


In  this  instance  the  balance  of  forces  becomes: 


(7) 


(6) 


In  this  instanoe  the  total  volumetric  flow  will  be  equal  to 
tha  shear  velocity  multiplied  by  the  area  plus  the  flow  in  the 
center  of  the  capillary  in  accordance  with  Poiaeullle’a  formula: 


TT  rVa. 


Solving  Equation  8 for  vd: 


and  substituting  from  Equation  9: 


(9) 


(10) 
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V 


(id 


The  assumption  is  non  made  that  r/l+  >>  d,  the  thickness  of  the 
double  layer  pensitting  the  equation  to  be  rewritten  as: 

E +“  V (12) 

I V3-  Trr«- 

Equation  12  is  one  of  the  fundamental  oleetrokinetie  equations 
for  s single  round  capillary. 

The  total  current  under  a given  voltags  gradient  and  condi- 
tion of  volumetric  flow  la  a imply  the  current  transported  in  the 
oharged  layer  plus  the  ourrent  flowing  as  a result  of  the  bulk 
oonduotlvlty  of  the  liquids 


X = T-TTreMeL*-  fcBTrrvE  (13) 


Again  substituting  for  vd  and  using  the  relation^ ~~  «d  us  obtain: 

I-  ^ iik) 

In  all  instances  for  small  capillaries  where  the  flow  is  laminar 
we  My  writes 

f = 

And  substituting  Equation  1$  into  14 s 

X = + (16) 

This  equation  is  a second  fundamental  equation  which  in  com- 
bination with  Equation  12  describes  the  eleotroklnetlo  p hen  on  an a 
taking  place  in  a single  capillary. 

The  flret  tens  of  Equation  12  is  the  eleotroosmotlc  pressure 
term,  significant  only  whan  the  capillary  is  connected  to  an 
energy  source,  and  being  negligible  when  the  ends  of  the  capillary 
are  oooneeted  through  eleotrodes  to  e passive  load.  The  second 
term  of  Equation  12  is  merely  the  pressure  gradient  due  to  viscous 
shssring  in  the  body  of  the  liquid. 

In  Equation  16  the  flret  term  represents  that  component  of 
double-layer  ourrent  whloh  is  sffsetlve  in  transduoing  external 
msohanloal  and  electrical  energy.  The  first  bracketed  term  re- 
lates to  that  component  of  layer  ourrent  associated  with  the  in- 
ternal viscous  dissipation  of  snsrgy  dus  to  the  shearing  of  the 
double  layer  ss  s result  of  an  existing  potential  gradient.  The 
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last  bracket  term  la  simply  the  conductance  per  unit  length  due 
to  the  bulk  conductivity  of  the  fluid. 


The  "surface  oonduotanoe"  tern*  or  the  first  bracketed  term 
of  Equation  16  corresponds  with  the  one  derived  by  Snoluchowskl 
(5)  in  terns  of  the  "seta  potential"  wheret 


f £ * 4TTcie. 


(17) 


and  in  vhloh  f Is  the  potential  across  the  double  layer  and  £.  Is 
the  dielectric  oonstant. 


More  complete  relations  for  "surface  conductance"  including 
the  ohanges  In  oonoentratlon  and  mobilities  of  Iona  produced  by 
the  presence  of  a charge  surface  have  been  developed  by  others  in- 
cluding Blckerman  (16),  and  presumably  should  be  considered  for 
high  values  of  setr  potential.  Suoh  considerations  are  not,  how- 
ever, treated  in  this  report,  as  an  experimentally  determined 
overall  conductivity  parameter  is  employed  in  the  final  equations. 

3.2  Energy  Conversion  In  a Porous  Plug 

In  Figure  3-2  s liquid  filled  porous  plug  Is  shown  In  which 
the  pressure  and  voltage  gradients  are  pcrpendloular  to  the  paral- 
lel faoea  of  area  "A”.  It  la  aasumed  that  the  faoes  are  good  o on- 
duo  tor  a,  as  they  would  be  If  covered  with  a thin  deposited  metal 
film,  and  that  the  gradients  are  uniform. 


We  now  consider  a unit  oublcal  element  In  the  plug  with  one 
faoe  perpendicular  to  the  dlreotlon  of  flow.  The  oube  io  aasumed 
to  be  porous,  the  pores  being  Irregular  in  a hap a and  following 
tortuoua  paths  through  the  cube.  This  oonoept  is  then  replaeed  by 
oondi daring  only  the  multiplicity  of  active  pores  effeotlvelv 
parallel  to  the  dlreotlon  of  flow,  again  of  Irregular  shape  out 
with  average  flow  resistance  and  area  equivalent  to  the  average  of 
the  actual  pores. 


It  la  than  necessary  to  define  the  following  new  terms t 

Ni  Is  the  number  of  poree  per  unit  ares. 

p*  Is  the  average  total  pore  area  per  unit  area. 

F/fs|  la  the  average  pore  area. 

Jju,vla  the  flow  oonduotlvlty  of  the  porous  material. 

JO,  is  the  perimeter  of  an  average  pore  (averaged  with 
l respect  to  perimeter). 

# 

la  the  flow  resistance  of  an  averaga  pore  per  unit 
length  and  la  equal  to 
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e- 


i 


is  the  current  per  unit  area. 


JL» 

f\J  Is  the  effective  velocity  per  unit  ares  or  the  bulk 
velocity  divided  by  the  unit  s res*  (It  is  not  the 
average  pore  velocity.) 

It  is  evident  that  because  of  the  complicated  nature  of  the 
flow  in  a pore  of  irregular  shape  that  it  would  not  be  possible 
to  derive  an  expression  fwr  flow  resistance.  On  the  other  hand 
from  dimensional  considerations  it  should  be  recalled  that  for  a 
typical  shape  the  flow  resistance  would  decrease  with  the  fourth 
power  of  the  effeotive  pore  radius,  and  that  the  flow  conductivity 
of  the  element  would  vary  with  the  number  of  pores  per  unit  area. 

The  first  tens  in  Equation  12  was  obtained  from  the  last  term 
of  Equation  11  being  related  simply  to  the  shell  velocity  of  the 
Inner  layer  resulting  from  the  gradient  E.  It  la  evident  therefore 
that  sines  shell  velocity  is  independent  of  the  pore  shape: 


-t*  = -f-A-  e.  4-  -j- at 

l >0.v  (19) 


Similar  methods  may  be  applied  to  modifying  Equation  16  to 
apply  to  the  unit  element  of  porous  material.  Again  the  first 
term  relates  to  shall  velocity.  The  first  hraoketed  term  is  da* 
pendant  on  the  pore  perimeter  rather  than  the  radius.  For  a 
round  pore: 


2.TP 


(20) 


permitting  a substitution. 


The  last  term  is  dependent  merely  on  the  average  effective 
pore  area  per  unit  area.  Equation  16  can  then  for  the  porous 
material  be  rewritten  as: 


•*-  = (4c)+'  (21> 

In  determining  the  property  of  the  solid  material  related  to 
the  flow  oonduetlvlty  it  is  convenient  to  define  a permeability 
faetor  *B*  which  will  be  Independent  of  viscosity.  This  factor  is 


defined  as  follow  for  a porous  plugs 


(22) 


whore  7 is  the  total  bulk  Telocity,  A la  the  area  perpendicular  to 
the  flow,  n Is  the  viscosity,  t Is  the  thlokness,  P is  the  applied 
pressure  and  B Is  the  permeability  characteristic  of  the  solid, 
(only),  and  has  the  dimensions  of  length  squared. 


?or  a unit  oube  of  material: 


where  ▼ Is  the  effective  velocity  and  p Is  the 


(23) 


pressure  gradient. 


Por  the  second  term  In  Equation  21,  it  is  convenient  to  intro- 
duce the  experimental  parameter  ‘he  overall  electrical  conduc- 
tivity of  the  liquid  filled  solid  where: 


(24) 


Equations  19  and  21  nay  then  be  rewritten  as  follows: 


(25) 


(26) 


It  should  be  noted  t hat  the  first  terzs  on  the  right  of  both 
• uatlons  contain  the  coupling  constant  P/4/B  and  that  certain 

fener  all  cations  may  be  noted  since  it  will  be  later  evident  that 
t la  desirable  to  maximise  this  coupling  ocnstant: 

(1.)  The  eleotrie  moment  "/6 " end  the  porosity  factor 
"P*  appear  as  a product.  It  is  therefore  equally  Important 
to  maximise  porosity  as  to  maximise  the  eleotrio  moment. 

(2.)  The  eleotrie  moment  jQ  is  unique  to  a given  liquid- 
solid  material  interface.  f 

(3.)  The  terms  farming  the  ratio  7/B  are  both  charac- 
teristic to  the  structure  of  the  solid  material.  The  appear- 
ance of  this  ratio  Illustrates  the  Importance  of  securing  a 
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material  with  the  largest  ratio  of  porosity  to  permeability* 


It  la  now  convenient  to  define  the  eoupllng  constant  Mr 


M 

The  Eouationa  2$  and  26  are  then  rewritten  aat 

f-  = - me  -i-i-vAr 


<27) 


(28) 


1 = M AT  4-  K*  E. 

(29) 


The  above  equations  contain  three  parameters , M,  the  coupling 
constant,  kv  the  flow  conductivity,  and  Ko  the  overall  electrical 
conductivity,  all  subjeot  to  measurement,  and  together  completely 
desoribe  the  sleetrokinetic  properties  of  a given  liquid  filled 
porous  solid.  These  three  parameters  are  used  throughout  this  re- 
port. 


By  Including  the  ares  nA"  and  length  "1"  of  the  equations  may 
be  rewritten  in  terms  of  pressure,  l,  bulk  velocity,  V,  the  poten 
tlsl  difference,  H,  end  the  total  current  1 in  an  external  clrcul 
as  follows t 

ps-MH+J^^V  (30) 

x = MV  4-  H (31) 


The  above  relations  may  bs  ussd  by  substltutii^  the  values 

? lotted  in  Section  4 to  determine  the  performance  of  a porous  plug 
n converting  energy  under  any  oircumstanoes.  It  is  important  to 
recognize  that  the  value  of  *S"  was  derived  from  the  actual 
gradient  and  corresponds  to  terminal  voltage  only  when  polariza- 
tion affect s are  negligible  at  the  electrodes. 

The  electronics tic  relatione  may  clso  be  written  in  terms  of 
the  ourrent  pressure  sensitivity  with  the  voltage  equal  to  zero 
ss  was  done  in  Technical  Report  Ro.  2.  This  sensitivity  is  con- 
venient as  an  index  of  various  liquids  in  the  same  solid  or  when 
a transducer  is  operated  into  a low  Impedance  load* 


rt  i 


S&B 


O 


Here  by  definition! 


G>.- 


a cr''  "t  i 

= */=r- 

K0  — = TT" 

* ** 

(32) 

(33) 

J,  A t X 

A2.  v — - — * 

*.  T-y 

(34) 

where  0C  end  gv  ere  the  electrioel  eonductence  end  the  fluid  flow 
oonduotenoe  of  the  plug* 

With  the  above  eubetitutlone  Equatione  30  and  31  become: 


3*3 


P = - 
X - 


^Cip)U 

/S'ofOVJ 


(35) 

(36) 


Laportant  Relatione  Obtained  from  Bloctroklnetlc  S poet  lope 


3*3.1  Streaming  Potential! 


The  etreemlng  potential  of  an  electroklnetlc  cell  operating 
open  circuit  may  be  derived  from  Equations  30  and  31*  When  no 
temal  voltage  aouroe  is  present  the  first  term  on  the  right 
Equation  30  may  be  neglected  and  the  equations  may  be  rewritten 
t 


(37) 


0 = V1V  + ^ H 


(38) 


Froai  which  we  obtain: 


(39) 


Using  Equations  23  end  27: 


(40 


Trosn  the  above  It  Is  evident  that  since  P is  s fixed  property 
of  the  oolld,  if/d  were  oonetant  with  temperature  and  the  K.® 
product  were  constant  or  with  the  deviations  esnoelling,  thek sensi- 
tivity E/J?  would  be  independent  of  teajeratura*  This  has  been 
found  to  be  the  case  for  certain  material  combinations,  bat  not  for 
others* 


3.3*2  Qaaosis  with  no  Pressure  Differential 


By  assuming  P as  zero  and  neglecting  the  first  term  on  the 
right  hand  side  of  Equation  31  to  be  zero  when  no  external  mechani- 
cal work  is  Involved: 


(4D 


Xnssmuoh  as  the  voltage  does  not  appear  in  this  relation  it  is 
evident  from  comparison  with  Equation  40  that  the  sensitivity  E/t 
may  be  determined  from  measuring  the  volume  rate  of  flow  for  a 
known  current. 


3.3*3.  Osmostlc  Pressure: 

If  a porous  plug  were  Inserted  with  electrodes  in  the  bottom 
of  a '4U*  tube  filled  with  eleotrokinetic  liquid  and  a potential 
applied  between  two  non-polarizing  electrodes  a difference  of 
level  would  be  observed  as  first  discovered  by  Reass  (2)*  Sines 
the  net  volume  flow  would  be  zero  the  difference  in  pressure 
eoross  the  plug  from  Equation  30  would  be: 


PTom  energy  considerations  it  is  evident  that  some  eleotrloal 
energy  must  be  dissipated  other  than  that  converted  to  heat  in  the 
bulk  of  the  liquid,  eince  the  eleetrdklnetle  forces  act  at  the 
pore  wells  only.  Actually  a circulation  take*  piece  in  the  porea 
with  the  liquid  moving  in  one  direction  near  the  walla  and  flowing 
back  through  the  enter.  A circulation  of  this  type  will  always 
be  present  when  both  the  pressure  and  voltage  are  finite,  but  its 
effects  ere  negligible  when  the  external  oircult  is  pssslvs. 

3*3*4  Other  Relations: 

A number  of  re  1st  lone  end  equalities  may  be  derived  from  Equa- 
tions 30  end  31  without  approximating  assumptions  other  than  that 
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the  pore  radius  la  assumed  to  bo  nuoh  greater  than  the  double 
thickness*  this  relation  being  isqiliolt  In  the  aquations 
Sosm  are  Important  In  that  they  suggest  measurement  techniques 
and  methods  of  checking  In  the  laboratory! 


4.  ELECTROSIWBTIC  PROPERTIES  OP  CERT  A Ilf  LXOOIDS  AND  SOLIDS 

4.1  TEST  METHODS 

4.1.1  Measurements  of  Streaming  Potential.  Cell  Resistance,  Pr as- 
aura  and  Temperature  f'or  the  l^Tennlnnron''  of  5/P . H7  aST 
Eq  33  functions  of  Temperature. 


Por  satisfactory  determinations  of  the  effects  of  temperature 
on  the  sensitivity,  the  electromechanical  coupling  constant,  and 
the  overall  conductivity  of  the  liquid  filled  porous  solid,  it  was 
necessary  to  employ  an  enclosed  and  sealed  csll  mounted  in  a trans- 
ducer such  as  ie  shown  in  Figure  3-2  of  Technical  Report  No.  2 and 
to  use  alternating  pressures.  In  addition  to  the  fact  that  it  made 
linearity  and  frequency  response  measurements  possible  on  the  same 
transducer,  this  method  hats  the  following  advantages; 

Plrst,  the  method  lends  itself  to  rapid  pressure  measurements 
using  an  accurately  calibrated  etraln-gage  transducer  operating 
aafely  within  its  useful  frequency  range.  Second,  the  streaming 
potentials  may  be  readily  amplified  with  an  A.C.  vacuum  tube  volt- 
meter with  negligible  polarization  effects  and  using  the  earns 
amplifier  and  scale  to  read  pressure  for  comparison.  Last  and  of 
greatest  Importance  ie  the  faet  that  the  transducers  may  be  stored 
with  a fixed  sealed  off  body  of  liquid  to  allow  complete  stabili- 
zation to  take  plaoe  internally. 

In  some  instances  it  wee  found  that  several  days  storage  were 
required  to  obtain  repeatable  measurements.  This  la  understandable 
as  some  time  would  be  required  to  achieve  complete  uniformity  of 
the  liquid  with  regard  to  contaminants  which  go  into  solution  dur- 
ing assembly  or  which  are  adsorbed  on  the  surfaces  of  the  solid 
components.  In  each  instance,  however,  the  sensitivity  approached 
an  equilibrium  level  in  an  almost  exponential  fashion  by  either  In- 
creasing or  decreasing  with  time.  This  is  illustrated  in  Figure 

4-1. 


In  Plgure  4-2  a plot  la  shown  which  illustrates  the  extent  to 
whloh  date  may  be  in  error  prior  to  approaching  stabilization.  The 
arrows  Indicate  the  sequenos  of  the  measurements  during  temperature 
cycling.  Here  deviations  from  the  final  curve  are  noted  during 
temperature  cycling  indicating  temperature  differences  between  the 
measuring  point  and  the  porous  disc  in  the  transducer.  These  may 
be  averaged  for  increasing  and  decreasing  temperature*.  The  initial 
points  are  far  removed  from  the  final  curve.  For  the  reasons  stated 
above  the  majority  of  the  data  was  taken  using  alternating  tech- 
niques with  apparatus  later  described. 

Figure  4-3  shows  a sectional  view  of  the  steady  flow  cell  used 
in  certain  measurements  where  it  was  desirable  to  run  a variety  of 
liquids  through  the  call  in  a reasonably  short  time  (for  compari- 
sons) and  further  where  it  was  advantageous  to  know  as  nearly  aa 
possible  the  bulk  conductivity  of  the  liquid.  It  was  not  possible 
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SENSITIVITY  H/P  IN  MV/RSJ. 


C 


FIGURE  4-1 

O 


to  measure  the  latter  in  the  sealed  transducers  employed  In  other 
teats.  In  the  apparatus  shown  in  Figure  4-3  a porous  disc  glazed 
into  a solid  ring  is  clamped,  using  insulating  materials,  in  the 
path  of  the  liquid  flowing  under  a known  pressure.  Electrical  cir- 
cuits to  the  wire  mesh  electrodes  on  eeoh  side  of  the  plug  are 
established  by  foils  and  wires  not  shown. 

A few  steady  flow  and  alternating  pressure  measurements  were 
made  using  sealing  tubes  (Coming  #39560)  modified  as  illustrated 
in  Pig.  4~4»  This  apparatus  was  only  used  for  certain  comparative 
experiments  in  early  phases  of  the  work. 

In  determining  H/P  from  the  alternating  pressure  test  date 
the  measured  voltage  was  merely  divided  by  the  measured  pressure 
and  the  ratio  converted  to  the  MKS  system  of  units  for  plotting. 


The  cell  resistance  was  measured  at  each  temperature  either 
using  a bridge  or  by  measuring  the  drop  in  cell  output  with  a 
known  shunt  resistance.  Inasmuch  as  the  porous  disc  dimensions 
were  known  and  most  of  the  impedance  was  in  the  disc  pores,  the 
overall  conductivity  of  the  liquid  filled  porous  solid  material, 
Kq,  could  be  readily  computed. 


The  flow  conductivity  of  the  material  for  the  given  liquid 
ia  computed  from  the  material’s  permeability  and  the  liquid’s 
viscosity,  the  measurements  of  which  are  later  discussed. 


Knowing  the  sensitivity.  B/P,  the  electrical  conductivity, 
Kp,  and  the  flow  conductivity,  kv,  for  the  liquid-solid  combina- 
tion from  dlreot  measurements* the  electro-mechanical  coupling 
constant,  M,  was  computed  from  the  relation: 


The  above  methods  were  employed  using  apparatus  illustrated 
in  Figures  4-5  and  4-6  to  obtain  the  data  plotted  in  Figures  4^13 
through  4-23. 


4.1.2 


Apparatus  Employed  in  Measuring  Alternating  Streaming 


Tha  apparatus  used  to  obtain  data  plotted  in  Figures  4-13 
through  4-23  is  illustrated  in  Figure  4-5*  A diaphragm  pump  with 
the  valves  removed  was  used  to  produce  a near  sinusoidal  alternat- 
ing pressure  of  about  1.5  p*i.  and  at  a freouency  of  30  cps.,  the 
latter  being  well  within  the  midband  range  of  the  transducers  tested 
and  the  reference  transducer.  The  line  from  the  pump  was  connected 
through  a small  orifice,  (for  wave  shaping),  into  a T fitting  with 
one  short  line  connecting  with  an  external  standard  transducer  and 
the  other  to  the  alectroklnetlc  unit  under  teat. 

The  eleotrok luetic  transducer  in  each  instance  was  screwed  to 
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CALIBRATION  CABINET 


a large  adapter  block  into  which  a thermometer  was  Inserted,  and 
which  provided  substantial  thermal  inertia.  The  alternate  use  of 
dry  ioe  and  a 300  watt  lamp  provided  for  the  required  temperature 
cycling,  a fan  being  used  for  air  circulation. 

The  alternating  pressure  apparatus  wns  wired  as  shown  in 
Figure  4-6*  Here  the  reference  transducer  was  a Statham  P21-100-300, 
temperature  compensated  and  calibrated  to  within  l£.  The  awltchoa 
shown  provided  for  reading  the  output  of  the  transducer  under  test, 
the  output  of  the  reference  gage,  and  the  cell  resistance  in  rapid 
sequence. 

4.1.3  Apparatus  for  Obtaining  Response  to  a Step  Function. 

A simple  device  which  was  used  largely  for  comparative  purposes 
is  illustrated  in  Figure  4-7*  Hore  the  transducer  was  clamped 
against  an  open  port  in  a block  having  an  Internal  cavity  with  a 
fragile  cellophane  diaphragm  opposite.  A vacuum  line  and  gage  made 
it  possible  tc  set  a predetermined  pressure  difference  relieved  in 
a few  milliseconds  with  a violent  transient  upon  bursting  the  dia- 
phragm. A Sanborn  direct  writing  recorder  unresponsive  to  the 
transient  oscillation  recorded  the  transducer  output  thus  providing 
an  approximate  means  of  calibration  and  an  accurate  means  of  deter- 
mining the  time  constant  and  low  freouency  3db  "break  point" 0 

4*1*4  Apparatus  for  Determining  Frequency  Response. 

Frequency  response  studies  were  conducted  in  a teat  tank  aa 
shown  in  Figure  4-«*  This  apparatus  which  was  designed  for  mea- 
suring diaphragm  rather  than  free  field  response  wes  subject  to 
some  unoertalnty  in  staking  measurements  but  provided  a means  of 
making  comparative  calibrations  in  relatively  short  time  and  with 
sufficient  aocuracy  to  show  deviations  of  1 to  2 db. 

In  practice; frequencies  were  selected  t o set  up  longitudinal 
standing  waves  in  the  tank  as  indicated  by  peak  readings  of  the 
test  transducer  at  the  end  of  the  tank.  The  region  near  the  tank 
wall  was  then  explored  for  the  first  or  second  pressure  sntinode 
with  the  head  of  the  Brush  microphone.  It  was  assumed  that  the 
pressure  at  the  end  of  the  tank  was  the  seme  as  that  at  the  first 
or  second  antinode.  A switching  arrangement  made  possible  com- 
parative IB  readings  (on  the  scale  of  a vacuum  tube  voltmeter) 
which  were  used  in  combination  with  the  Brush  Calibration  curves, 
corrected  for  the  preamplifier  response,  to  plot  the  various  fre- 
quency response  curves  given  and  discussed  in  Technical  Report 
Ho.  2. 

Testa  from  about  100  ops.  to  20  KC  were  conducted  in  air  uelng 
various  loudspeakers  for  sources.  Tests  from  about  10KC  to  100KC 
were  conducted  with  the  tank  filled  with  water  uelng  a Brush  BM-102 
transducer  as  a sound  source. 

Any  important  resonant  effects  in  the  transducers  were  clearly 
me  a sura ole  by  this  method. 


17  - 


j * 


o 


,50 

/ VACUUM 
V IN.  Mfc. 


STEP  CALIBRATION 
ASSEMBLY 


VACUUM  PUMP 


FIGURE  4-7 


PI 


OAR 


FIGURE  4-6 


4.1.5  Impedance  Meeeurem »nt», 

Wiring  diagram*  of  circuit*  uaad  for  measuring  the  Internal  Im- 
pedance and  the  Internal  shunt  capacity  of  the  eleetroklnatle  cells 
are  Illustrated  In  figure*  4-9  and  4-10. 

In  Plgure  4-9  two  10  meghhm  resistors  provide  current  sources 
of  equal  value.  The  transducer  to  be  tested  Is  placed  across  one 
source  and  the  circuit  shown  waa  wired  in  aerlea  with  the  other,  an 
oscilloscope  being  wired  to  both  aa  shown.  The  dummy  transducer 
olrcult  provides  for  the  Internal  resistance  of  the  porous  plug  and 
for  the  capacity  and  resistance  of  the  eleotrodes.  The  parameters 
were  adjusted  until  equal  and  In  phase  voltages  appeared  on  the 
oscilloscope  from  20  cps.  to  1000  cpa.  The  equivalent  values  for 
the  transducer  were  then  obtained  from  known  or  measured  values  In 
the  dummy  circuit. 

In  Plgure  4-10  a shunt  ohoke  was  used  to  produce  a resonance 
dependent  on  the  total  shunt  oapaolty  of  the  clroult.  Here  the 
reaonant  frequency  was  first  obtained  without  the  transducer  oon- 
neotad  to  determine  the  total  effective  clroult  eapaolty.  The 
tranaducer  waa  then  connected  and  the  two  frequencies  noted.  Know- 
ing theae  two  frequencies  end  the  Inductance  of  the  ohoke  the  shunt 
capacity  of  the  transducer  waa  oomputed. 

4*1.6  Permeability  Measurements. 

Rough  values  of  the  permeability  of  the  various  materials  are 
contained  in  the  manufacturers  * literature.  These  were  verified  on 
sample  discs  by  measuring  the  elt^ced  time  required  to  peas  a given 
quantity  of  fluid  at  a measured  temperature.  The  permeability  waa 
obtained  using  the  relation: 


where  B Is  the  permeability,  (as  here  defined),  t la  the  plug  thick- 
ness, A la  the  plug  area,  n Is  the  viscosity  at  the  known  tempera- 
ture, Q la  the  volumetric  quantity  of  liquid,  &T  It  the  elapsed 
time,  and  P la  the  pressure  differential. 

4.1.7  Conductivity. 

Inasmuch  ea  the  majority  of  teats  were  oondueted  with  acetoni- 
trile and  very  frequent  conductivity  measurements  were  necessary, 
special  apparatus  waa  made  up  and  calibrated  for  conductivity  mea- 
surements. (If  obi  a metal  conductivity  cells  are  unsatisfactory  for 
use  with  nitriles  beoauaa  of  the  formation  of  complex  Iona.)  The 
cell*  used  are  Illustrated  In  Plgures  4-11  and  4-12.  In  the  ap- 
paratus In  4-11  the  liquids  could  be  readily  streamed  Into  the  cell 
by  means  of  a pipette  and  emptied  by  rerolving  the  cell  about  the 
bearing  hole  In  the  upright  Insulating  stand.  An  impede no e bridge 
waa  used  to  measure  the  oall  resistance  with  a variable  capacitor 
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wired  across  the  opposing  bridge  arm  to  balance  cell  and  stray 
capacity  to  pro dace  a sharp  nail  at  the  1,000  cpe,  teat  frequency, 
The  dip  cell  v&c  used  occasionally  to  measure  continuous  changes 
in  peaieti^itys 

4,1*8  Other  Teat  Methods. 

The  above  discussion  of  teat  methods  and  apparatus  supple- 
ments information  given  la  Technical  Report  Ho,  2*  Other  methods, 
relating  to  linearity,  noise,  etc,  ere  discussed  briefly  in  that 
report. 


4,2  DATA  SHEETS  AND  TABULATIONS 

4*2,1  Plots  of  H/P,  Ikr,  and  M vs,  temperature. 

In  Pigure#  4-13  through  4-23  values  of  H/P,  kv  and  S&  are 
plotted  versus  temperature  for  several  liquids  and  various  grades 
of  fritted  glass  and  porous  porcelain.  These  plots  represent 
only  a fraction  of  the  data  taken  in  the  twsta  bat  are  is  more  re- 

Seeta  representative.  Comparative  data  on  a wider  variety  of 
quids  are  given  in  Section  3*2  of  TeelmicaX  Report  No,  2„  The 
data  presented  in  Pigurea  4-13  through  4-23  illustrate  how  the 
different  electroklnetlc  parameters  vary  with  temperature.  Inas- 
much as  the  quality  of  the  porcelain  test  elements  in  the  #02  and 
#01 5 grades  was  poor  the  figures  for  the  different  grade*  should 
not  be  compared  quantitatively  on  the  basis  cf  pore  size.  The 
manufacturer ‘ s figures  for  pore  else  are  as  follows: 


Grade  Pore  Radius  (Microns) 

015  1.4 

02  .85 

03  .6 

The  manufacturer* a figures  for  porosity  are  given  as  between 
50$  and  70$,  but  measurements  on  several  samples  of  the  03  grade 
Indicated  a porosity  near  30$. 

4*2,2  Data  on  Liquid  Selection 

A previous  investigation,  conducted  in  connection  with  the 
fabrication  of  blast  gages  for  the  Naval  Ordnance  Laboratory,  in- 
dicated acetonitrile  to  be  superior  to  other  ecemson  organics  fesr 
use  in  electroklnetlc  transducers,  A more  intensive  study  of  the 
problem  of  liquid  selection  has  been  made.  This  Included  cross 
tabulations  based  on  dipole  moment,  viscosity,  molecular  weight, 
dielectric  constant  and  other  properties.  Rejections  wore  made 
in  some  instances  on  the  basis  of  boiling  point,  freezing  point, 
etc*  to  obtain  a list  of  liquids  to  try  experimentally  la  electro- 
kinetic  colls,  A modified  rule  of  thumb  method  as  developed  by 
Fairbrothar  (17)  and  including  the  dielectric  constant  was  used 
as  a basis  of  rejection  of  elec trek inetieally  inactive  liquids. 
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* — K#  >»IOf  MHO/MET. 

K * IO*  MET.4/ NEWT.  SEC. 
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The  degree  of  validity  of  this  method  of  selection  is  illustrated 
in  Figures  4-24  end  4-^5  for  different  solid  materials,  In 
general  it  shows  that*  {Kith  the  exception  of  acetone;*  tosy  liquid 
«hlnh  has  a poor  •fig,r%«  of  merit8  is  likely  to  be  inefficient  la 
a transducer,  A very  large  number  and  variety  of  compounds  sore 
considered 6 The  relatively  simple*  low  molecular  weight  compounds 
are  la  general  superior.  Acetonitrile  has  more  advantageous 
properties  than  any  tested,  xnea®  are  tabulated  in  Appendix  B» 

4.2*1  Cusp arisen  of  Porous  Solids. 

The  number  of  very  pure  and  inert  porous  solid  materials  which 
may  be  procured  in  a mloropcrous  state  with  a high  ratio  of  porosity 
to  pefseabilitv  is  very  limited.  Although  limited  experiments  were 
conducted  on  other  solids  such  as  sulfur*  mlundam*  ana  powdered 
resins*  most  data  were  obtained  using  fritted  glass  or  porous 
porcelain*  Por  the  two  types  of  solids*  it  is  interesting  to  ocm» 
pare  the  changes  of  relative  cell  conductivity  and  relative  liquid 
viscosity  with  temperature*  Ideally  if  ion  mobility  were  to  vary 
inversely  with  viscosity  one  would  expect  the  relative  inverse 
conductivity  curves  in  Figure  26  to  coincide  with  the  relative 
viscosity  curve.  It  may  be  noted  that  for  the  medium  grade  Pyrecx 
material  with  the  largest  pore  size,  the  ideal  relation  holds  mors 
closely*  All  substantial  departures  are  bolicved  due  to  surface 
conductance  effects  in  the  pores.  A similar  set  of  curves  for  the 
porcelains  in  Pig.  4-2?  shows  the  effects  of  surface  conductance  to 
be  far  lees  pronounced,  This  difference  lacks  a simple  theoretical 
explanation  but  accounts  for  the  superiority  of  porcelain  to  glass 
with  respect  to  the  effect  of  tempera ture  on  seoaitivlty3 

4*2,4  Liquid  Mixtures. 

Several  tests  were  conducted  on  niixtures  of  different  liouids 
to  determine  the  effects  of  mixing  pure  compounds  on  electroteinetle 
properties*  In  each  instance  the  oleotrlc  moments  were  of  the  same 
sign*  l*e.  the  inner  layer  being  positively  charged*  As  was  ex- 
pected the  current-pressure  sensitivity  of  the  box tores  varied 
linearly  with  the  perpentac»  of  each  liquid.  This  is  illustrated 
in  Pig,  4-28,  The  leal  sensitivity  values  are  only  significant 

in  « relative  sense* 

4*2.5  Addition  Agents  and  Cleaning;  Methods. 

It  would  be  eaqpected  that  certain  addition  agents  added  to  the 
linniS  might  atmwgiy  pbsacsasi  ecsurisg  at  the  liquid-solid 

Interface*  They  ».  gjit  el  so  affect  the  conductivity*  the  temperature 
ee-efflclcnt  cr,i  the  rate  at  which  stability  1««  ep»roached0  In  sc*e 
instances  variations  in  performance  between  cells*  rase  being  im- 
provements* could  only  be  accounted  for  in  terms  of  unV.m«^«r»  contami- 
nants. Different  addition  agents  were*  therefore*  added  with  tbs 
general  results  noted  in  the  fallowing  table* 
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Tetraethyl  t&M&lss  br<m?.de  vu  trl©d  la  various  con- 
centrations In  highly  polished  acetonitrile  with  the  ee*t- 
dkctivity  ranging  as  high  a*  $ x 10"®  sh^a/ww*  1%  we» 
ahosen  as  £ eis^tfsid  with  large  molecular  dissensions  least 
likely  to  hav®  its  leas  affected  by  eolvatisa  and  likely  to 
produce  a aeaall  tenpsrafcttre  coefficient.  The  result*  w*^ 
Initially  good#  bat  with  a large  positive  coefficient  d»- 
▼eloping  after  several  days*  possibly  boeauss  of  a chemical 
stb  action  with  the  al  us  In  ms  electrodes,  5fc®  result  is  were 
Inconclusive. 

Other  addition  agents  were  tried  for  various  reasons 
Including  glycine*  di-*^>uliai  versenato,  di -&-bu  tylamln o „ 
sodium  benzene  sulfonate-  sodium  sulfanilste,  thio ~ure», 
and  various  detergents  with  no  outstanding  effects  noted* 

Various  cleaning  methods  for  the  porous  discs  were 
employed  which  included  strong  bases,  strong  soldo  with 
oxidising  agents,  firing  to  burn  out  organic  traces,  «to» 

The  past  surface  history  of  the  porous  plug  has  e pronounced 
effect  on  what  may  be  expected  of  it  once  It  is  sealed  in  s. 
cell*  A method  of  permanent  "activation"  found  very  snooes- 
fal  was  to  stress  a 2%  solution  of  hydrofluoric  add  through 
the  plug  followed  by  a flushing  with  water  and  a volatile 
solvent  such  as  acetonitrile  or  acetone.  The  plug  may  then 
be  thoroughly  dried  by  firing  or  heating  to  300°  to  400°  PQ 

4«2o6  Coating  Agents* 

Various  materials,  sane  selected  for  their  dielectric 
properties,  were  deposited  in  the  pores  of  porcelain  plugs 
to  attempt  to  increase  the  electric  moment  to  a value  great- 
er than  that  for  porcelain.  These  Included  dyes,  shellacs, 
polystyrene,  sulfur,  and  various  exchange  resins.  No  sig- 
nificant results  were  obtained  in  the  short  time  allot ad  to 
such  experimentation.  It  was  noted,  however,  that  anion 
resin  coatings  reversed  the  sign  of  the  electric  moment  and 
streaming  potential. 

4.3  jSiseuselgn  of  Results; 

In  all  of  the  curves  included  in  Figures  4-13  through 
4-21  it  may  be  noted  that  the  variations  of  the  sensitivity 
ard  coupling  constant  ^ are  small  in  comparison  with  X.  and 
as  functions  of  temperature.  In  all  figures  pertaining 
to  acetonitrile  the  variation  of  K is  either  quite  small  or 
is  negative.  Recalling  that* 


F aud  B a re  t Independent  oonstaata  of  the 

|i»Hd;  it  is  slides* 1 that  3ya®,  the  Sleatrie  ssssient,  h*s  a 
relatively  ®snll  «oeffleiest5  substantially  scalier  tha& 

®f  9 ;X?  the  setsi  potential  sad  di«la®t?ia  constant 

ef  the  classical  ths^ry*  Bios®  tats  value  e.f  tbs  seta  pe* 
tasti&l  stay  only  be  inferred  by  arbitrarily  aasuslag  the 
value  of  tE-j  dialtvctrio  eons tent  is,  the  polarised  doable 
layer  to  bo  tho  usss  as  that  in  tho  bulls  ef  tho  liquid,  it 
is  susses  ted  that  tho  seta  potential  concept  ccsswmly  appear- 
ing in  tho  liters  tar*  is  ass  artificial  eensepfe  gad  should  be 
abandoned*  (The  peroeity  f&ebor  is  aubjoet  to  i&easupe- 
Bout  by  filling  a piss  with  a liquid  of  a lew  eondaeilvity 
sad  asasuring  its  resistsaoa*)  The  suggestion  that  the  seta 
potential  oonoept  be  abandoned  has  been  se.de  several  tines 
and  for  the  cere  reasons  but  it  continues  to  appear*  By 
using  the  anperisMntelly  determined  values  far  B*  P,  H;  s0? 

L,  theory  end  experiment *1  results  nay  be  readily  correlated* 
li  wau«  fivueu  y»  wd  F in  tho  XOr£  On  this  project 

as  little  centre!  eo«l«  be  ©sareised  over  the  properties  of 
the  porous  materials  tested*  The  other  approach  would  only 
be  worthwhile  when  accurately  graded  elements  were  available* 


2.3 


5.  EQUI?AL3rr  CIRCUITS 


Equivalent  eiroults  were  discussed  and  delved  is 
Sections  2*4  ana  3«£  of  Technical  Report  ao»  2,  Because 
of  tbs  variety  of  mechanical,  acoustic  and  electrical 
sources  and  leads  peseible  no  attsn$>t  vill  be  made  here 
to  deri re  a variety  of  equivalent  circuits.  Impedances 
nay  bo  transferred  end  voltages,  pressures,  etc.  con- 
verted to  equivalents  by  the  use  of  the  loetrcmeebanlcal 
coupling  const ant  * s. 

An  eocsmple  of  hew  the  data  given  in  the  HKS  system 
of  units  nay  be  applied  to  the  olectrckinetlc  element, 
emitting  the  frequency  dependent  parameters  is  given  below* 

For  steady  flow  the  equivalent  circuit  of  a porous 
plug  element  is  as  shown i 


to  tfe*  sbove  circuit  M is  the  electrczeschsnlcal 
coupling  constant,  H»  is  the  voltage  equivalent  of  pressure, 
and  I*  la  the  current  equivalent  of  volume  velocity*  The 
above  circuit  is  applicable  to  the  oonvoraion  of  energy 
in  either  direction*  In  its  application,  however,  the 
following  factor o must  be  kept  In  minds 

1*  Electrode  polarisation  potentials  for  steady  flow 
or  at  low  frequencies  when  I is  appreciable t. 

2*  Changes  in  liquid  conductivity  due  to  electrolytic 
polishing  for  steady  values  of  R* 

3.  Changes  in  viscosity  and  conductivity  due  to  heat- 
ing for  largo  values  of  Zw 
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Ifosas  of  the  above  factors  3 a impcrttmt  when  the  trssxsducsgF 
j-js  used  w«a  circuit  as  & receiver.,  sad  polarisation  effects 
are  ouxy  Important  at  low  freejues?©!®*  xbm\  the  lead  is  ©ess- 

parable  to  H,«* 


The  e^siisror?  describing  wa©  above  iwfcieorir  are? 


i = r'  + 


If  I1  is  replaced  by  Hv  aad  the  S6cccd  equation  is  aculti- 

filed  by  M»  with  Mfi1  being  replaced  by  P,  it  will  be  seen  that 
he  relations  are  identical  with  those  developed  in  section  3„ 


As  an  illustrative  example  from  data  in  Figure  4**19  at  20°Ct 


B/P  » 1^.9  x 3.0*5  volt  s/new  ton/meter2 


ky  “ 1.56  x 3.0*11  meters4/nevtoa  second 
Eo  * 7*7  * 10~!>  abos/meter 
X ■ 240  Amp,  Sec./iaeter2 


Assume  now  a peroua  diac  2"  O.D.  x 1/8" : 


t » .00316  xsetera 
A “ .002  meters 


Thant 


Ro  * V&o 


* 20*600  ohas 


a v n t 

SJS5T 


1.76  meghohna 


For  an  applied  pressure  P * HH'  the  voltage  H ia  therefore* 
H * H»  20.600 

H*  * p (.0115) 

?®  - .015  « -4.83  X 10“5  volte/Kets./fcet.2 

MfV 

H * - 332  sv/psi 

7 


A departure  of  about  1.5£  frees  the  value  of  H/P  taken  trxm 
the  plot  is  a result  of  the  approximations  in  sssoothieg  the  curves 
between  tbs  plotted  points.  If  the  plotted  points  are  used  the 
values  should  cheek  closely  since  the  values  for  H were  derived 
ti P€s  X&»  2*f« 


{ 


Xt  in  possible  in  vn*  above  asanple  i©  appro  **— 
efx'ieifiisaey  of  transferring  energy  late  a netefeed  load 


AAA/WW 

/ Rv 


R. 


— ' 1 


O 


The  inputs  energy  is  s^proxinafcely  given  by: 

iV  = 

And  the  portion  of  energy  delivered  to  the  load  let 


Therefore , the  effieieney  ies 


e«  s z%v=  °-37- 
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#*  ct 


b®  3GS>ci#siejrs  smesticwS  for  t’stvms  m^snoAficm 


Vha  results  obtained  than  fej*  indicate  that  sectosi** 
t#dl»  with  vderoparoee  perselein  (with  per*  radii  of  about 
e©4  Elojfons ) * fexw*  a Tesy  satisfactory  traasdaeing  ecsshi- 
eatios  with  voltage  sensitivities  up  to  >0G  55/p*t  »r  -lh3 

sessitlviti os  ar/  be  achieved  at  a verifies  of  greater 
resistance  end  a greater  tsssperaturo  ce*£fiel®et  by  the  addi- 
tion of  traces  of  certain  nssn-ionic  detergents. 

Th®  alec  trio  ras&t  with  many  combinations  uaderge&s 
only  small  change*  with  temperature.  It  its  a fundamental 
eleoirokinetic  parameter  unique  to  a given  liquid  solid 
combination  and  should  bs  used  rather  t ban  the  set*  potssr- 
tial  in  describing  the  character la ties  of  the  double-layer. 
Relations  ea&r  easing  the  relation  of  the  elec  trie  soa&afc, 
the  porosity,  and  the  permeability  to  the  electromechanical 
coupling  constant  have  been  derived  and  suggest  future  studies 
of  the  origin  of  eleofcrofeiBefcie  phsaeaes*.~ 

A dlseussl^  of  applications  was  given  in  Technical 
Report  Bo«  2.  The  outlined  suggestions  which  follow  relate 
to  possible  b&sio  lavas tigatieae  suggested  by  the  wzt  dene 
in  the  past  on  this  project* 

(1.)  A study  of  the  effects  of  porosity  and  permeability 
and  their  ratio  (using  carefully  graded  materials) 
on  the  cleotroklnetlo  parameters,  , and 

(2a)  A study  of  the  electric  assents  of  selected  liquids 
with  e variety  of  solid  materials  under  carefully 
controlled  conditions  to  identify  the  properties 
of  the  solids  meat  important  is  affecting  the  magni- 
tude of  the  electric  stom&nte 

(3*)  A study  of  the  aotien  of  detergents  on  the  donble- 
layer.  (Such  a study  should  not  only  throw  light 
on  the  origin  of  the  phenomena  bat  also  on  the 
action  of  detergents »} 

(4.)  A detailed  study  of  the  nature  of  polarisation  of 
aluminum  or  tin  electrodes  in  acetonitrile  and 
methods  of  reducing  polarisation  by  the  use  of 
addition  agents,  coatings  or  methods  of  increas- 
ing the  effective  areas 

(5.)  A study  of  elscfcrefcmstlc  activity  at  high  tespem- 
ture*  and  hydrostatic  pressures,  well  beyond  the 
sea  level  boiling  range. 
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Appendix  A 


SYMBOLS,  UNITS,  AND  CONVERSION  PACT0R3 
A~1  Symbol*  Heed  In  the  Report 

A «=  Pace  area  of  poroua  plug  perpendicular  to  direction  of  flow, 
B * Permeability  char ac ter letio  of  porous  plug  material., 

C * Electrical  capacity, 
d * Thlokness  of  Helmholtz  double  layer, 
e • Charge  per  unit  area  of  double  layer, 

E ■ Potential  gradient, 

P * Porosity  characteristic  of  porous  plug  material, 
gv  * Flow  conductance  of  porous  plug 

00  “ Electrical  conductance  of  porous  plug, 

H “ Potential  difference, 

H*  * Potential  equivalent  of  pressure  difference, 

1 3 Current  density  (average)  In  porous  plug  material, 

I * Current  flowing  through  cell  from  an  external  circuit, 

I»  *»  Current  eaul valent  of  bulk  velocity, 

kf  * Plow  conductivity  of  liould  In  poroue  solid, 

Kq  = Overall  conductivity  of  lloild  filled  porous  solid., 

L *»  Xnduotanoe, 

If  * Electromechanical  coupling  constant  of  liould  filled  porous 
solid  material* 

m * Mass, 

V • Average  number  of  pores  per  unit  aroa0 
p * Pressure  gradient, 

P r-  Pressure  difference  across  plug0 
C >'  Volumetrlo  Quantity  of  llouldu 
r m Radius  of  pore  or  capillary. 
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rT  «=  Plow  resistance  of  plug* 

R0  * Resistance  of  llouid  filled  porous  plug,  or  cell,  l.e.  l/T-0 

Rt  ■ Eleotrlcal  equivalent:  of  flow  resistance  of  plug, 

a(lp)h  ■ Unit  current  density-pressure  gradient  sensitivity  with 
no  potential  gradient. 

S(lf)M  * Current-pressure  sensitivity  of  plug  with  H zero, 
t » Thickness  of  porous  plug* 

T “ Tine 

▼a  =*  Velocity  of  inner  layer. 

▼ * Velocity  (effective) of  llouid  in  plug. 

V ■ Volujre  velocity  of  llould. 

Z = Inpedanoe 

« Electric  moment  of  double-layer  at  liquid  solid  iuterfacar 
b Qleleotrlc  constant  of  liquid. 

**  Zeta  potential  across  double-layer c 
«■  Viscosity. 

* 3.14159 
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A -2  Conversions 

from  BSU  to  KKo  unx^.  ■, 

0 

Quantity 

tSSU 

Multiply  by 
to  Obtain 

MKS 

A 

C«.2 

1C~!* 

Mote2 

1 

1 

I 

B 

Ca.2 

10  ■•■'* 

Mot.2 

! 

j 

i 

i 

C 

Statfarada 

Parade 

t 

i 

d 

Q*o 

10*’ 

Me  tc 

6 

S ta t c oulomb  e/Cnu  2 

303  x 10-6 

Cool  ./Me  t.  ‘ 

E 

S tat  volt  8/Cmc 

3 x 104 

Volta/He  t, 

P (Perce) 

Dyne* 

io~  5 

Newtons 

P( Porosity) 

— 



-«-- 

8-v 

Cn«^/Pyne  Sec. 

io*5 

Metr  5/»fev:i. 

Statanhoa 

i 

9 x 10'* 

Mhos 

o 

B 

St".tVOlt8 

300 

Volte 

i 

Statamperec/Osio2 

rim? 

Anns  ./Met. 

I 

r 

I 

Statampere* 

rim? 

ArTperee. 

1 

t 

*T 

Ca«4/Dyne  Soc0 

io*3 

Met«U/H0Mi-. 

*■ 

i 

l 

\ 

*o 

Statmho  a/Cm. 

Tirio* 

Khra/Met, 

j 

i 

L 

Stathenriea 

9 x 10 • 

Henri et 

£ 

a 

Qraaa 

10“  3 

Kilograms 

3 

\ 

5 

Cm.2 

10^ 

Kr  t .-  2 

fl 

M 

J> 

Dynea/Cm.  3 

10 

Hew  lom  /V,  :i 

y 

| 

P 

Djnea/Cm.2 

10-1 

lTewtone/Kot 

S- 

Q 

0mo3 

10“6 

Ket  3 

i & 

M 

i 

Y 

r 

L 

- 

t 

• 
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Quantity 

B3U 

Multiply  by 
to  Obtain 

I;:w 

H 

Statohoa 

9 x 10* 

Chma. 

«(ip)b 

Stataiap.C&c/ Dyne 

1 

rx"£c* 

Avp.Met,/H^wr. 

3(tp)» 

Statamp  • Can,  2/cyti« 

Artp«Met,2/Hrf\M. 

t 

Qb. 

10-2 

Meters 

7 

Seo. 

— 

w>CC  0 

Td 

Cm./Seo. 

10“2 

Met. /Sec , 

V 

Cm. /Sec, 

10-2 

Met. /Sec. 

V 

Cm0  3/3  ec. 

10“6 

Met. 3/Sec  0 

z 

Statobas 

9 x 10*1 

Ohms. 

fi 

S tatcoulomba/o , 

3.33  x 10-6 

Coul ,/Met. 

l 

e.a.u. 

9 x T8* 

ir  ..k.a.u. 

+* 

Statrolta 

300 

Volts 

Dyne  Sec./Cta.2 

10-1 

Fevt.Sec./Met. 

yoc  * 

A-3  Other 
1"  Hg. 

Eg. 
1 pal 

Dyne  Sec./Ca.3 

Convenient  Conversions 
■ 3*38  x 10^  Pynes/Cto.2 

- 13.5951  Omvfca.3  g 0«C 
* 6.8947  x 104  Dynes/ dm* 2 

10 

Fevt.Sec./Met 

1 pal 

• 6,8947  x 103  Hewtons/Met, 

.2 

(water  25°C)  - *00896  poiae 

(acetonitrile  20°C)  « .00358  poise 

1 ‘Ob.  Hg.  * .19337  P*1  * .44604  Pt.lB^O) 

= 1.333  x 104  Dynoa/Cta.2  . 

1 wr/pai  * -157  IB  re  1 Volt/Dyne/C*2 


* Characteristic  aoouatle  impedanc  e of  a media. 


O A-3  (ContimaA) 


1 ?olt/»«*t./fe#t.2  - -20XB  ra  1 ▼©!  t/D>n«/<*«2 
X Wanton  Metar  • 1 Watt  Second  » Eif*  * 10*^ 


Appendix  B 


PftOPSJTISS  OP  ACBTulfITSnS 
(Hethyl  cyanide) 


Aeotocxltri'V®  baus  b*«n  found  to  be  the  Boat  «ff e'i*efet?o- 
kinetic  liquid  of  all  those  tasted  to  date.  Its  r*ti»  electric 
eonat  (with  giasa  and  porcelain)  to  viscosity  la  gf*e*or  isan  ior 
any  other  known  liquid*  fftorfjunataly  its  nechan  icr.i , themtdynwaie# 
ehesaiost,  end  phyalalogiosi  properties  all  sake  it  convenient to  use 
is  laboratory  teste  or  for  the  corns tracts  on  of  transducers* 
view  ©f  the  above  and  since  ssich  of  the  data  in  3eeSi°B  **  relate* 
to  acetonitrile*  a oucaber  of  its  iaportant  properties  ®:p*  g.lv&a 
below* 


B-l  Conductivity:  k principle  supplier  lists  the  conductivity 

oF*^.a“af  i^coi trilo  as  ? x 10“^  mhos/Csu  at  ZO0G»  has, 
however,  beer,  pcreh^sed  on  mny  occasions  in  a 
grade  with  the  conduct Avity  ranging  fro®  1*6  x 20  shos/Cfei* 

?ias  scterlel  any  I s oleowrolytl  ssLily  polished  t»a*ng  e-ua^inus 
electrodes  in  fro®  10  to  30  sd.natea  at  100  volt®/inc“  * 
conductivity  as  law  a*  0*24  * 10“^*  It  will*  jaowover,  return 
os  standing  to  a range  fro®  1 to  2 x 10“°«  contact  with  the 
noble  motals  anc;  with  cop  psr„  six  to*  and  a nuab»r  °*  others 
will  cause  «.  aar&sd  inere&s.;  in  conductivity.  I*  2®»  however* 
ocasplete  ine*f  to  glass*  hi^h  grade  porcelains#  a lusunu*,  mag- 
nesium aniSjftsny*  tin  and  pertain  other  netrls*  It  is  mutually 
insoluble  with  Macrocrystalline  hydrocarbon  was®*  wh5.oh  nay  be 
<00*54  &s  scaling  ?a®poundot 


B-2 

f&lecular  lights  IpL. 05 

B-3 

Density  (l^/if^Os  0*  78746 

B«4 

Pressing  Point*  -44.9®C 

B~5 

Boiling  Points  8l*&cp 

:s-6 

Vapor  Pressures  [2&>Q)i  <0*2 

m Hg 

B-7 

Flash  Point;  66°F 

B-fl 

Specific  Heat  (e.nal/g.nol* ) : 

0.541 

B-O 

0 

E*fit  of  Pa  it  (0*lt/e-mo?.i-)| 

2130 

B-10 

Heat  of  Vaporisation  (g.cal/g* 

so.ro. 

173.6 


B-ll  Surface  Tension  (dyne/cm.air  20°C):  29*3 

B-12  Adiabatic  Compress ibility  (26QC)t  52.2  x 10® 

.3-13  Dipole  Mcagrtti  3.94  * 162®  esu 


5—14  o-T  St^g>  13^3  s^Sce. 

&~2fJ  Sharif terls tie  Aoouatle  Ise'*«as<j  1#0?5  * 10®^  g/Oa«~8ee* 


E=16  ©dog*  Mild  gihereal 

8-1?  Dielectric  constant? 

o°c  kz 

20*  38*8 

?»1.6  26.2 


8-l0  Tiacogltyt 

Tesqp.  °C 


Hscesity  (ep) 


0.493 
0»4U0 
0.394 
0.353 
0.328 
0.304 
0.283 
0.264 

B-19  gozicltyj  Cl««*  to  that  of  aeetlo  acid,  Sot  irritating  to 
•r  readily  sbeorbed  by  tbe  akin.  It  ia  reported  that  in 
the  animal  body  t fee  compound  hydrolyses  to  form  *aetia  acid 
and  doe a not  liberate  hydrocyanic  acid.  Prolonged  breath- 
l4&g  of  the  vapors  should  be  avoided. 


B-20  Chanaloal  Formula t OH3  « C g I 

Many  of  the  above  figures  arc  ousted  fras  th»  Carbide  end 
Carbon  Chemicals  Company  "Klaoet  Ballot  in  So.  30"  • 


